Quasi-relativistic formulation of the Magnetic circular dichroism (MCD) Faraday terms are presented using the generalized unrestricted Hartree-Fock (GUHF)/single excitation configuration interaction (SECI) method combined with the finite perturbation method and applied to the MCD of the three n-r Ã states ð 3 Q 1 ; 3 Q 0 ; 1 Q 1 Þ of CH 3 I. The Faraday B term for the 1 Q 1 state was 0:1976ðDebyeÞ 2 ðBohr magnetonÞ=ð10 3 cm À1 Þ in the non-relativistic theory, but was dramatically improved by the relativistic effect and became 0.0184 in agreement with the experimental values, 0.014 and 0.0257. This change was mainly due to the one-electron spin-orbit (SO1) term rather than the spin-free relativistic (SFR) and the two-electron spin-orbit (SO2) terms. Ó
Introduction
Magnetic circular dichroism (MCD) is caused by the difference of absorption intensities between dextrorotatory and levorotatory circular polarized light when an external magnetic field is applied to a molecular system, and is measured as MCD ellipticity. While absorption intensities are always positive, ellipticities can have both positive and negative values. Therefore, MCD is particularly useful for assignment of plural overlapping electronic bands and vibronic bands. The MCD spectra of simple polyatomic molecules were observed for acetylene [1] , ethylene [2, 3] , tetramethylethylene [3] , cyclopropane [4] , benzene derivatives [5] [6] [7] [8] [9] , quinones [10] , and so on.
The theory of MCD was established by 1970s [11] . Since then many theoretical studies have been published [10, [12] [13] [14] [15] [16] [17] [18] [19] . For example, Shieh et al. [12] reported the theory for MCD of molecules in dense media, and Coriani et al. [13] reported the MCD formulation for coupled cluster response theory. The calculations of MCD with the molecular orbital theory have been applied to ethylene [14] , cyclopropane [15] , formaldehyde [16] , benzene derivatives [17, 18] , quinones [10, 14] , and many aromatic [18] and non-aromatic [19] www.elsevier.com/locate/cplett p-electron compounds. Semi-empirical methods were employed in these calculations except for [14, 15] , in which ab initio methods were employed. Sum-over-states (SOS) method was used in the calculations of the Faraday B term in almost all of the previous studies except for the works by Coriani et al. [14] and Seamans and Linderberg [17] . The SOS method, however, has three disadvantages, i.e., being time-consuming, dependent on the number of the intermediate states used after truncation, and inaccuracy intrinsic to the SOS method even if all the intermediate states are considered [20] except for the case of full CI. These disadvantages can be solved by using quadratic response theory [14] or finite perturbation method [17] . We employed the finite perturbation method, and the details will be published in the near future.
The relativistic effect on the MCD have not yet been considered explicitly even though the MCD spectra for heavy systems have been observed for halogen molecules [21] , methyl halides [22, 23] , and carbon tetrahalides [24] . Although the spin-orbit (SO) interaction was considered in [21, 24] , the SO terms were merely treated as parameters. In order to investigate the relativistic effects in MCD, we have developed quasi-relativistic generalized unrestricted Hartree-Fock (GUHF) [25, 26] /single excitation configuration interaction (SECI) method. In this Letter, we apply this method to methyl iodide (CH 3 I), for which the relativistic effects are expected to be large. Although one band is seemingly observed at the energy region of 30 000-48 000 cm À1 in the absorption spectrum of CH 3 I, it is inconsistent with the shape of the MCD spectrum [22, 23] . It is plausible that this band consists of three n-r Ã excited states. These are called 3 Q 1 ; 3 Q 0 , and 1 Q 1 states, in the energy increasing order, according to Mulliken's notation [27] . The 3 Q 1 and 3 Q 0 states correspond to triplet states in the non-relativistic limit and have transition intensities through the SO interactions with the singlet states. This system is thus suitable for investigating the relativistic effects. We will see that the Faraday term of the 1 Q 1 state is much improved by the relativistic effect. The relativistic effects are expected to be very important for the MCD of the systems containing heavy atoms.
Theory and calculational method
The MCD ellipticity h is proportional to the strength of an external magnetic field H if H is small enough. The ellipticity per unit magnetic field is strictly defined as derivative of h with respect to H in the limit of H ! 0 and is characterized by three parameters A, B, C and one shape function f ðx ja ; xÞ assumed for spectral shapes [11] , namely,
where N and kT denote the number of the molecules in the light path and the Boltzmann factor, respectively. The three parameters are called Faraday A, B, and C terms and are given by
where d a is degeneracy of the ground state a (while indices j and n stand for the excited states), and m and l are the electric and magnetic (transition) dipole moments, respectively. m aj means hajmjji, for example, and Im denotes imaginary part. The summations over j a means the sum over all the degenerate substates of a and j. If neither of a nor j is degenerate, we can ignore these summations.
The Faraday B term may be described differently from the sum-over-states form of Eq. (3). The B term in z-direction, BðzÞ, is expressed as
The isotropically averaged B term is given by
Im m ðcÞ aj;a m
where e is Levi-Civata tensor. The symbols a; b; c run over x, y, z, and m ðcÞ a is the a-direction component of m in a c-direction magnetic field, H c . We actually obtained the B term by numerical differentiation of Eq. (6). The B term expressed by Eqs. (5) and (6) is superior to that by Eq. (3) as mentioned in Section 1.
In order to calculate the B term defined as given by Eqs. (5) and (6), we need the wavefunction in the finite magnetic fields. Such wavefunctions can be obtained by GUHF/SECI method. The Nelectron GUHF wavefunction is given by a Slater determinant,
where the molecular orbital, w j , is described by a general spin orbital,
The GUHF wavefunction is adequate for the relativistic Hamiltonian, being appropriately responsive to the magnetic field and the SO interactions, and therefore, it gives the best expression of the relativistic ground state in a magnetic field within the HF approximation. The SECI wavefunction describes the excited states and is defined by
where t a i ¼ a y a a i represents an excitation operator from occupied orbital i to unoccupied orbital a, and C a i is its CI coefficient. The relativistic corrections and the response to the magnetic fields are considered at the SCF level and are transferred to the SECI wavefunctions through the reference function, W GUHF . Although the SECI approximation gives rather poor excitation energies as compared with the symmetry adapted cluster-CI (SAC-CI) method [28] , for example, the MCD Faraday terms are expected to be qualitatively valid, because they essentially reflect one-electron processes.
We employ a quasi-relativistic (2-component) method for the relativistic GUHF/SECI calculations. The Hamiltonian for full-relativistic (Full-Rel) calculations was constructed by the one-electron second-order Douglas-Kroll transformation [29] and included the Breit-Pauli type two-electron spin-orbit (SO2) terms. For comparison, non-relativistic (Non-Rel), spin-free relativistic (SFR) terms only, one-electron spin-orbit (SO1) terms only, and SFR + SO1 calculations were also performed. The perturbation due to the magnetic fields was considered to first-order and its relativistic correction was not included in the present calculations. The molecule calculated was methyl iodide (CH 3 I), and the geometry was taken from the microwave and infrared measurements [30] [34] for C and H, respectively. The inner core orbitals of I and C were frozen in the SECI calculations. The gauge origin was taken at the center of gravity of the nuclei. The gauge dependence of the Faraday terms was also examined, and we confirmed that the dependence is negligible for the present system. [22] . d [23] . Reassignments of the absorption and MCD spectra in [22] . causes it. The decrease in D of 1 Q 1 can be explained in terms of the intensity borrowing from 1 Q 1 to the triplet states.
Results and discussion
The Faraday terms of the 3 Q 1 and 3 Q 0 states appear only in the relativistic calculations, because these are derived from triplet excitations. The large differences in the experimental properties for 3 Q 1 between [22] and [23] are attributed to the difference in the fitting procedure; the former is based on the best curve fitting of the absorption and MCD spectra, while the latter on the two spectra and the Raman excitation profiles [35] [22] . d [23] . Reassignments of the absorption and MCD spectra in [22] . e Units of the excitation energies, A, B, and D are same as those in Table 1 . f Assumed the magnetic moment to be 1 Bohr magneton. g Owing to the non-degeneracy, A terms disappear.
ergies; the calculated energies are reversed as compared with the experimental ones. This problem will be solved by inclusion of electron correlation. The SAC-CI [28] calculations with perturbation of the SO1 interaction using the same basis set provided the correct order of the excitation energies; 37 300, 40 200, and 43 500 cm À1 for 3 Q 1 ;
3 Q 0 , and 1 Q 1 states, respectively. Therefore, electron correlation is expected to affect the Faraday terms. Since we do not obtain accurate Faraday terms for the above reason, we cannot judge the validity of the experimental fitting procedures in the present stage. The correlation effects and, in particular, the coupling effects between electron correlation and relativistic effects on MCD are challenging subjects for the future. Table 2 shows the analysis for the same properties of the three states of CH 3 I: the GUHF/SECI calculations were performed with various relativistic correction levels. The Non-Rel and Full-Rel values in Table 2 are the same as those in Table 1 . When the SO1 terms are considered, the Faraday terms of 3 Q 1 and 3 Q 0 appear and the B term of 1 Q 1 is largely improved from 0.1976 to 0.0300. In addition, the Faraday terms for the SO1, SFR + SO1, and Full-Rel calculations are qualitatively unchanged. Thus, the relativistic effect on MCD is mainly due to the SO1 term in this system. This indicates that the state mixing among the singlet and triplet states is important for the Faraday terms rather than the SFR effect. However, do not mean that the effects due to SFR and SO2 are negligible. Obviously, the Faraday terms are not additive with respect to the SFR and SO1 terms, and their simultaneous consideration is important. Inclusion of the SO2 terms results in a relaxation of the effects of SO1 for all of the properties. The trends are consistent with the general behavior of the relativistic corrections due to SO2.
Conclusions
We have developed quasi-relativistic (2-component) generalized unrestricted Hartree-Fock (GUHF)/single excitation configuration interaction (SECI) method and investigated the relativistic effects on the magnetic circular dichroism (MCD) using the finite perturbation method. The method was applied to the MCD of three n-r
